A pproximately 3% of the population has an asymptomatic unruptured intracranial aneurysm.
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Materials and Methods

Patient Inclusion Criteria
Data from all patients from the Toronto Western Hospital (Canada) and the University Medical Center Utrecht (the Netherlands) with an unruptured aneurysm were prospectively collected. From these databases, all patients aged ≥18 years with ≥1 saccular untreated intracranial aneurysm and ≥6 months of radiological follow-up by computerized tomographic angiography or magnetic resonance angiography were retrieved.
Risk Factors
Data on sex, age, smoking, hypertension (previous diagnosis made by a general practitioner or other physician), antihypertensive medication, previous SAH, and family history of SAH at the time of detection of the unruptured aneurysm were retrieved from clinical records. The imaging data were assessed for aneurysm location, maximum aneurysm height, maximum aneurysm dome width, aneurysm neck width, flow direction into the aneurysm, and bifurcation angles. Shape of the aneurysm was scored visually (round, elliptical, multilobar) and calculated as dome-neck ratio (aneurysm dome width divided by aneurysm neck width in mm) and as aspect ratio (aneurysm height divided by aneurysm neck width in mm). An example of some of these measurements is shown in Figure 1 .
Outcome Measurement
Initial aneurysm size was measured on the first and last imaging available in 2 directions: maximum height and maximum dome width. Aneurysm growth was defined as (1) growth ≥1 mm in ≥1 direction for identical or different imaging modalities; (2) growth ≥0.5 mm in 2 directions for identical imaging modalities (computerized tomographic angiography or magnetic resonance angiography); or (3) undisputable change in shape of the aneurysm, such as change from unilobar to multilobar shape. 15 An example of aneurysm growth is shown in Figure 2 . 
Radiological Assessment
All images were assessed by 1 of 2 observers (A.S.E.B. or A.T.T.G.). Training for this assessment was done under supervision of an experienced neuroradiologist (B.K.V.), and included extensive analyses of a training data set with scans from both participating academic centers to ascertain identical measurement methods. Assessment was done without knowledge on (presumed) clinical risk factors for aneurysm growth. First and last imaging of each patient was assessed in a single session by the same researcher to avoid interobserver variability and to minimize intraobserver variability. All aneurysms with possible growth were re-evaluated in a consensus meeting with A.S.E.B., A.T.T.G., and B.K.V. to confirm aneurysm growth. If consensus on growth was reached, aneurysm size was assessed in all imaging studies performed between the first and the last imaging study. The first follow-up imaging that showed growth and the time that had elapsed between this imaging and the initial imaging was used for further analyses. For aneurysms that ruptured, the last follow-up imaging before rupture was used as end-point imaging. All radiological measurements were performed in a single center in a single radiological data evaluation program (Philips Intellispace Portal software; Philips Healthcare).
Statistical Analysis
We performed univariable Cox regression analyses and calculated hazard ratios with corresponding 95% confidence intervals (CI) and P values. We performed a multivariable Cox regression analysis including all risk factors related to aneurysm growth in the univariable Cox regression analysis with a P value of <0.2. All analyses were performed on a per aneurysm basis. Because initial aneurysm size is a known strong risk factor for aneurysm growth and rupture, an identical secondary analysis was performed including only small aneurysms defined as initial aneurysm size <7 mm. Data are presented in Kaplan-Meier survival curves for all aneurysms and for aneurysms with initial aneurysm size <7 mm and ≥7 mm separately. We reported the number of aneurysms with and without growth per 2 years of follow-up.
The following risk factors were entered in the univariable Cox regression analysis: sex, age, smoking, and hypertension at the time of diagnosis, previous SAH (SAH predating or at the time of diagnosis), presence of multiple aneurysms (ruptured or unruptured), family history of SAH (≥2 first-degree relatives with an (un)ruptured intracranial aneurysm), initial aneurysm size (maximum aneurysm height or dome width), aneurysm location (posterior versus anterior circulation), multilobarity (multilobar versus unilobar shape), dome/neck ratio (aneurysm dome width larger than aneurysm neck width versus aneurysm dome width smaller than aneurysm neck width), aspect ratio ≥ median (aspect ratio larger than the median versus aspect ratio smaller than the median), flow direction into the aneurysm (highest versus lowest tertile), and bifurcation angles (highest versus lowest tertile).
In addition, the following variables were analyzed in categories to increase discrimination: age (<50, 50-60, and >60 years at initial diagnosis), initial aneurysm size (< 2, 2-4, 4-7, 7-15, and >15 mm), and aneurysm location in the anterior circulation (middle cerebral artery versus carotid artery, and anterior communicating/cerebral artery versus carotid artery).
This study was approved by the institutional review board of the University Medical Center Utrecht.
Results
The baseline characteristics of the included 363 patients with 468 unruptured aneurysms are described in Table 1 . Two hundred seventy-eight patients had 1 aneurysm, 67 patients had 2, 16 patients had 3, and 2 patients had 4 aneurysms. In total 57 aneurysms (12%) grew during the total follow-up time of 1372 patient years, with a median followup time of 2.1 year (mean follow-up time, 2.8 years per aneurysm). None of the aneurysms had indisputable change in shape without simultaneous growth in size. Four patients had an SAH during follow-up; 3 from a known and followed aneurysm (3/468 aneurysms, 0.6%), 1 from a de novo aneurysm. One of the 3 known aneurysms showed growth (largest diameter from 7.3-8.5 mm) on the last follow-up imaging In multivariable analysis on risk factors for aneurysm growth, hazard ratios were 1.1 (95% CI, 1.0-1.2) per each additional mm of initial aneurysm size, 2.7 (95% CI, 1.2-6.4) for dome/neck ratio, 2.0 (95% CI, 0.8-4.8) for multilobarity, and 2.1 (95% CI, 0.9-4.9) for location in the posterior circulation (Table 2 ). In the subset of aneurysms <7 mm, 37 of 403 aneurysms (9%) were enlarged.
In multivariable analysis on risk factors for growth, hazard ratios in these small aneurysms were as follows: smoking 2.2 (95% CI, 1.0-4.8), multilobarity 2.9 (95% CI, 1.0-8.5), dome/ neck ratio 2.4 (95% CI, 1.0-5.8), location in the posterior circulation 2.0 (95% CI, 0.6-7.0), and presence of multiple Table 3) . Kaplan-Meier survival curves show aneurysm growth for all aneurysms ( Figure 3A ) and for aneurysms with initial size <7 mm and aneurysm size ≥7 mm separately ( Figure 3B ). Rate of aneurysm growth per year of follow-up is shown in Table I 
Discussion
In this large data set, >1 of 10 aneurysms grew during a mean follow-up time of ≤3 years. Initial aneurysm size and dome/ neck ratio were risk factors for aneurysm growth for all aneurysms combined; and dome/neck ratio, multilobarity, and smoking were risk factors for growth in small aneurysms. Aneurysm location in the posterior circulation was a risk factor in the univariable analyses but was not shown to be an independent risk factor in the multivariable analyses. We found no relation between aneurysm growth and patient age, female sex, hypertension, familial history of SAH, previous SAH, and flow direction into the aneurysm or bifurcation angles. There have been several previous studies on aneurysm growth; however, our study is the largest study performed to date, data have been collected prospectively rather than retrospectively, and this is the first study to do a time-dependent multivariable regression analysis. [6] [7] [8] 11, 15, 16 Also, previous studies focused on patient-related risk factors, such as age, hypertension, and smoking, and usually included only aneurysm size and aneurysm location as aneurysm-related risk factors. This is the first study to include multiple aneurysm-related risk factors for aneurysm growth in the analysis, such as dome/ neck ratio, multilobarity, and bifurcation and inflow angles When we compare the proportion aneurysm enlargement per year of follow-up, the 4% per year of follow-up we found is in agreement with previous studies, which found rates of 2% to 5% per year of follow-up. [6] [7] [8] 11, 16 Initial aneurysm size was a risk factor for aneurysm growth in our study, which is in agreement with previous studies. [6] [7] [8] [9] 11, 15 For small aneurysms (<7 mm), size was not related to aneurysm growth in the multivariable analysis. A recent study on aneurysm growth in 258 aneurysms showed a slightly higher growth rate (46/258 aneurysms; 18% in 2-year follow-up) which may be explained by different criteria for growth because those authors used the ABC/2 method with slightly smaller margins for growth than we did. 15 Initial aneurysm size and smoking status were independent covariables and were able to predict the majority of instances of aneurysm growth. No relation between aneurysm location and aneurysm growth was shown, which is in agreement with our study. 15 Aneurysm location in the posterior circulation is an established risk factor for aneurysm rupture, 5 and is therefore a probable risk factor for aneurysm growth. In this study, aneurysm location in the posterior circulation was not an independent risk factor for aneurysm growth, although the effective size with a doubled risk was rather large. The lack of statistical significance is probably caused by small numbers because posterior circulation aneurysms are relatively rare 6, 8, 9, 16 We found multiplicity of aneurysms to be related to a decreased risk of aneurysm growth for small aneurysms, which may be explained by the choice to perform analyses on a per-aneurysm rather than on a per-patient basis. In a post hoc patient-based analysis with the largest aneurysm per patient included in patients with multiple aneurysms, multiplicity of aneurysms was no longer related to aneurysm growth.
Strengths of our study are the meticulous measurements of the aneurysms and adjacent vessels and the unique size of our international data set, which enabled performing multivariable analyses for many factors and even multivariable analyses for the subset of small aneurysms only. A post hoc analysis including exclusively the 46 aneurysms with growth ≥1 mm showed similar results in univariable and multivariable analyses, with hazard ratio 1.1 (95% CI, 1.0-1.2) per mm growth for initial aneurysm size and 4.1 (95% CI, 1.5-11.2) for dome/ neck ratio in the multivariable analysis.
Limitations of our study include the selection bias of patients and aneurysms because we included only aneurysms that were left untreated for ≥6 months and followed with repeated imaging. Aneurysms that were deemed fit for immediate treatment by the treating neurologist, neurosurgeon, or radiologist, and aneurysms in patients who were deemed unfit for repeated imaging because of their medical condition or age, are therefore not included in this study. We found previous SAH and family history of SAH not to be risk factors for aneurysm growth, in contrast to previous studies. 6, 8, 9, 11, 16 This may be attributable to selection bias because persons with a positive family history or previous SAH may be inclined to treat unruptured aneurysms at a smaller aneurysm size. We did not correct our analysis for multiple comparisons. We did not have data on blood pressure management and smoking status during follow-up, so no conclusions can be drawn about the effects of management of hypertension and smoking on risk of aneurysm growth.
We consider growth of aneurysms to be a marker for increased risk of rupture in follow-up studies because size is the most important risk factor for rupture. Therefore, an aneurysm that increased in size has a higher risk of rupture than before growth. 5 Aneurysm growth is probably an irregular and discontinuous process, with long periods of aneurysm wall stability interjected with short periods of aneurysm wall instability, temporarily allowing aneurysm growth or aneurysm rupture. 17, 18 Growth at follow-up should therefore not be interpreted as instability of the aneurysm wall at the time of imaging. From the 3 patients with SAH from a known aneurysm during follow-up in this study, only 1 showed aneurysm growth on the follow-up imaging preceding the rupture.
The similarity in risk factors for aneurysm growth and aneurysm rupture supports the hypothesis that aneurysm growth and aneurysm rupture are both signs of aneurysm wall instability. 5 Aneurysm size, dome/neck ratio, and multilobarity should be validated in an external data set as predictors for aneurysm growth and rupture, so that they may be incorporated in treatment decisions for newly diagnosed unruptured intracranial aneurysms. Because smoking at the time of diagnosis is a modifiable risk factor for aneurysm growth, patients with an unruptured intracranial aneurysm should be urged to stop smoking. The optimal interval of follow-up imaging is still uncertain, as is the duration of follow-up. Recent literature suggests a decrease in the risk of rupture after 5 years, which may indicate that unstable aneurysms disappear from the research population, lowering risk of rupture for the remaining aneurysms.
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